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Abstract. Current-voltage relationships of a cation chan-
nel in the tonoplast ofBeta vulgaris,as recorded in so-
lutions with different activities of Ca2+ and K+ (from
Johannes & Sanders 1995, J. Membrane Biol.146:211–
224), have been reevaluated for Ca2+/K+ selectivi-
ty. Since conversion of reversal voltages to permeability
ratios by constant field equations is expected to fail be-
cause different ions do not move independently through
a channel, the data have been analyzed with kinetic chan-
nel models instead. Since recent structural information
on K+ channels show one short and predominant con-
striction, selectivity models with only one binding site
are assumed here to reflect this region kinetically. The
rigid-pore model with a main binding site between two
energy barriers (nine free parameters) had intrinsic prob-
lems to describe the observed current-saturation at large
(negative) voltages. The alternative, dynamic-pore
model uses a selectivity filter in which the binding site
alternates its orientation (empty, or occupied by either
Ca2+ or K+) between the cytoplasmic side and the lu-
minal side within a fraction of the electrical distance and
in a rate-limiting fashion. Fits with this model describe
the data well. The fits yield about a 10% electrical dis-
tance of the selectivity filter, located about 5% more
cytoplasmic than the electrical center. For K+ transloca-
tion, reorientation of the unoccupied binding site (with a
preference of about 6:5 to face the lumenal side) is rate
limiting. For Ca2+, the results show high affinity to the
binding site and low translocation rates (<1% of the K+

translocation rate). With the fitted model Ca2+ entry
through the open channel has been calculated for physi-
ological conditions. The model predicts a unitary open
channel current of about 100 fA which is insensitive to

cytoplasmic Ca2+ concentrations (between 0.1 and 1mM)
and which shows little sensitivity to the voltage across
the tonoplast.
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Introduction

Entry of Ca2+ into the cytoplasm through ion channels is
an important subject in contemporary physiology.
Strictly Ca2+-selective channels have not been identified
in plants yet. There are, however, many reports about
channels in plant membranes which allow Ca2+ perme-
ation to a small but sufficient extent. For a quantitative
estimate of this portion, it was common usage to measure
current-voltage relationships (IV-curves) in the presence
of K+ and Ca2+ and to convert the obtained reversal
voltages to relative permeabilities by constant field equa-
tions (e.g., Bertl & Slayman, 1992; Johannes, Brosnan &
Sanders, 1992; Ding & Pickard, 1993; Gelli & Blum-
wald, 1993; Pin˜eros & Tester, 1994; Allen & Sanders,
1995, 1996; Schulz-Lessdorf & Hedrich, 1995; Ward,
Pei & Schroeder, 1995). This approach is based on the
assumption ofindependentmovement of different ion
species (Goldman, 1943), which has been questioned to
be valid for individual channels where competition be-
tween various transportees can rather be expected (Hille,
1992; Gradmann, 1996). An explicit treatment, based on
rate-theory, suffered from complexity, because channels
have widely been accepted to have several binding sites
in series (Hille & Schwarz, 1978). This notion was
mainly based on flux-coupling ratios and anomalous
mole fraction effects. Nevertheless, the rigid-pore model
with several binding sites (energy wells) separated byCorrespondence to:D. Gradmann
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Eyring barriers, can describe superlinear (e.g., exponen-
tially rising with driving force) IV-curves pretty well
(e.g., White & Ridout, 1995; Gambale et al.,
1996). However, because of the reaction kinetic com-
plexity of this model (with nine states and twenty-six rate
constants for two substrates and two binding sites), the
obtained solutions are either equivocal or considerably
restricted by simplifying assumptions such as symme-
tries. Furthermore, the stronghold of the rigid pore
model, the anomalous mole fraction effect, turned out to
be weak, because the rigid pore model cannot describe
the observed voltage-sensitivity of the anomalous mole
fraction effects (Draber et al., 1991). In addition, con-
formational changes associated with ion permeation
through channels (Pietrobon, Prod’hom & Hess, 1988)
render the rigid pore model unlikely.

With the concept that channel selectivity is not only
a matter of ionic radii but also of ionic masses, Wu
(1991) advanced a molecular model of the selectivity
filter with only one binding site. This model also ac-
counts for high flux coupling ratios and anomalous mole
fraction effects. Hence, straight forward reaction kinetic
treatment of channel selectivity is reasonable again. For-
malisms for selectivity of charge-translocation through
systems with one binding site are available for rigid
pores (Hille, 1992) and for dynamic models where the
binding site alternates its orientation between one side of
the membrane and the other side. The latter model is
currently known as carrier-model, because it was origi-
nally designed for (relatively slow) carriers (La¨uger,
1973). Later (La¨uger, 1980), the model has also been
applied to pumps and (relatively fast) channels. Hence,
the more general expressiondynamic-model seems to be
more accurate, because it bears no numerical implication
about the rates.

The algorithms for selectivity of the dynamic model
have been worked out already and applied for Na+/K+-
selectivity (Gradmann, Klieber & Hansen, 1987) and
Rb+/K+-selectivity (Klieber & Gradmann, 1993) of K+

channels in plants. This dynamic model describes supra-
linear IV-curves rather well, e.g., current saturation for
large voltage displacements, whereas the rigid-pore
model fits better to nonsaturatingIV-curves. Further-
more, a modification of the dynamic model with one
binding site provides a better description of anomalous
mole fraction effects than the rigid-pore model with sev-
eral binding sites (Draber, Schultze & Hansen, 1991).
These previous applications of the dynamic-pore model
did not account, however, for recent knowledge about
the molecular structure of K+ channels (Pongs, 1992;
Aiyar et al., 1995; Sun et al., 1996), according to which
the narrow selectivity filter spans only a small fraction of
the entire length of a wider pore.

This study presents a kinetic analysis ofIV-curves
from a tentatively Ca2+-conducting cation channel (Jo-

hannes & Sanders, 1995a), with a dynamic selectivity
filter which spans only a fraction of the entire pore
length. For this purpose, the original form of the dy-
namic selectivity filter (Gradmann et al., 1987) with six
states and twelve free parameters, has been modified by
a simplification, and by an extension. The simplification
reflects the assumption that binding and debinding reac-
tions are much faster than the reorientation of the binding
site. With this assumption eight rate constants can be
replaced by four equilibrium constants, resulting in a
reduction of free parameters by four. The extension ac-
counts for amount and location of the electrical distance
of the selectivity filter within the pore, using the ion well
concept (Mitchell, 1966). With these additional two pa-
rameters the complete dynamic-pore model for channel
selectivity between two transportees has ten free param-
eters.

For comparative purposes, the given data have also
been analysed by a rigid-pore model with one binding
site. This model has nine free parameters. The results
render the dynamic model superior.

In principle, current saturation at large voltage dis-
placements from equilibrium can also be due to diffu-
sion-limitation (Laver, Fairley & Walker, 1989). In such
cases, saturation currents should mainly be proportional
to the concentration of the main substrate in the source
compartment, i.e., luminal potassium, [K+] l, in our case.
For the data analyzed here, however, the various satura-
tion levels of K+ currents at constant [K+] l are rather due
to inhibiting effects of a competing, second substrate,
i.e., Ca2+

l. Therefore, diffusion-limitation models have
not been considered in our case.

Materials and Methods

DATA

ExperimentalIV-curves from the open state of the predominant channel
in the tonoplast ofBeta vulgarisare taken from Johannes and Sanders
(1995). The substrate concentrations, corrected for activity, in the cy-
toplasmic (c) and luminal (l) compartment were [K+]c 4 [K+] l: 38 mM,
[Ca2+]c: <0.1 mM, and [Ca2+] l: 12.5, 42, 125, and 414mM for the IV
curves Nr. 1 to 4, respectively.

THEORY

Rigid-Pore Model

The rigid-pore model (Fig. 1, left column) assumes a time-invariant
energy profile along the channel for a given state of occupancy. Dif-
ferent ligands are expected, however, to change the profile in a specific
manner. The profile at the top of columnA in Fig. 1 illustrates the
energy profile without ligand. It consists of an energy well at the
electrical distancew between two barriers (heights) at the distanceshc

andhl from the boundary (0 <hc < w < hl < 1). The well corresponds
to the binding site which equilibrates with competing substrates (here
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K+ and Ca2+) in the bulk phases on the two sides of the membrane via
rate-limiting Eyring barriers. The symbols used are marked in the two
top panels of Fig. 1A. Let pE, pEK andpECa be the probabilities of the
binding site to be empty (E), occupied by K+ (EK+) or occupied by
Ca2+ (ECa2+). The rate constants for binding and debinding arebcK,
blK, bcCa, blCa, and dcK, dlK, dcCa, dlCa respectively. These rate con-
stants depend on the transmembrane voltageV, and on the substrate
concentrations in the following way

bcK 4 b0
cK exp(hcu) [K+]c (1a)

dcK 4 d0
cK exp(hcu − wu) (1b)

dlK 4 d0
lK exp(hlu − wu) (1c)

blK 4 b0
lK exp(hlu − u) [K+] l (1d)

and for Ca2+

bcCa 4 b0
cCa exp(hcu) [Ca2+]c (2a)

dcCa 4 d0
cCa exp(hcu − wu) (2b)

dlCa 4 d0
lCa exp(hlu − wu) (2c)

blCa 4 b0
lCa exp(hlu − u) [Ca2+] l (2d)

where the superscript0 marks the rate constant at zero voltage and 1
mol m−3 substrate concentration, andu 4 VF/(RT) is the reduced
transmembrane voltage with the voltageV, andF, R, Thaving the usual
thermodynamic meanings.

Summarizing

bK 4 bcK + blK (3a)

dK 4 dcK + dlK (3b)

bCa 4 bcCa + blCa (3c)

dCa 4 dcCa + dlCa (3d)

and taking the determinant

det 4 bKdCa + bCadK + dKdCa (4)

yields the mean occupancies

pE 4 dKdCa/det (5a)

pEK 4 bKdCa/det (5b)

pECa 4 bCadK/det (5c)

which are used to calculate the net transport rates

JK 4 pEbcK − pEKdcK (6a)

JCa 4 pEbcCa − pECadcCa (6b)

as well as the current

I 4 e(JK + 2 JCa). (7)

with the elementary chargee.
Because of microscopic reversibility only three of the four rate

constants for the translocation of an ion species are independent. In our
example with two substrates and three electrical distances, this model
has nine independent parameters. Without additional subtleties of dif-
fusion limitation, the currents in this model do not saturate at large
voltage displacements.

Dynamic-Pore Model

In contrast to the above rigid pore model, we call it a dynamic pore, if
the energy profile of the channel — in a given state of occupancy —
fluctuates. This is illustrated by the two traces in the top panel of Fig.
1B, in which the two energy peaks around the binding site alternate in
surmounting one another. The possible role of such fluctuations for
many mechanisms of ion transport has been pointed out by La¨uger
(1980). Binding and debinding occurs preferentially on the side of the
lower energy barrier. So in our case, each of the three states of occu-
pancy of the binding site (empty, K+-occupied, or Ca2+-occupied), can
be either open to the cytoplasmic side (states 1, 3, and 5 in middle panel
Fig. 1B, or to luminal side (states 2, 4, and 6 respectively) of the
membrane.

Since the constriction of the selectivity filter in a channel spans
only a small distance of the entire thickness of the membrane, the
electrical width and location of the selectivity filter has to be accounted
for with respect to the whole length of the pore. This has been done
here with the concept of ion wells (Mitchell, 1966).

Figure 1B illustrates a channel with a cytoplasmic and luminal
portion of the pore through which free electrodiffusion can take place,
and a selectivity filter in between, the behavior of which is described
here by rate theory. For a formal treatment of the model, the six states
of the selectivity filter are numbered arbitrarily as illustrated. The ex-
plicit reaction scheme (see Klieber & Gradmann, 1993) comprises
fourteen rate constants

kij 4 k0
ij exp(diju + nij ln[Sij ])), (8)

for transitions from statei to an adjacent statej. Here, the superscript
0 marks again reference conditions (zero voltage and 1 mol m−3 con-
centrations),nij is the stoichiometry for substrate binding, anddij is a
voltage-sensitivity coefficient.

In the absence of an energy source (electrical or chemical gradi-
ent), the principle of microscopic reversibility requires for the two
closed reaction loops

k12
0 k24

0 k43
0 k31

0

k21
0 k42

0 k34
0 k13

0
=

k43
0 k35

0 k56
0 k64

0

k34
0 k53

0 k65
0 k46

0
= 1

(9a,b)

Here the model is used with two modifications. First, according to
previous investigations (Fisahn, Mikschl & Hansen, 1986; Fisahn &
Hansen, 1987; Gradmann et al., 1987; Klieber & Gradmann, 1993)
binding and debinding reactions can be assumed to be fast compared
with the reorientation steps:

k24, k42, k31, k13, k35, k53, k46, k64 @ k12, k21, k43, k34, k56, k65. (10)

With this relationship, the eight parameters on the left side of (3)
can be reduced to four equilibrium constants

K1 4 k31/k13 (11a)

K2 4 k42/k24 (11b)

K5 4 k35/k53 (11c)

K6 4 k46/k64 (11d)

whereKi 4 Ki
0[Si] denotes again fundamental (Ki

0) and apparent (Ki)
equilibria. With this simplification, the relative occupanciesp1 . . . p6

(0 < pi < 1) of the six states can be calculated according to Klieber and
Gradmann (1993) with the following auxiliary variables

q3 4 k34 + k21K2 + k65K6 (12a)

q4 4 k34 + k12K1 + k56K5 (12b)

and
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r3 4 1 + K1 + K5 (13a)

r4 4 1 + K2 + K6 (13b)

which yield the denominator

d34 4 r3q3 + r4q4 (14)

which is used to calculate the occupancies

p3 4 q3/d34 (15a)

p4 4 q4/d34 (15b)

p1 4 p3K1 (15c)

p2 4 p4K2 (15d)

p5 4 p3K5 (15e)

p6 4 p4K6. (15f)

The model can account for various stoichiometriesn of substrate
translocation per reaction cycle. Here, onlyn 4 1 is used. The empty
binding site (states 3 and 4) may have the chargezE. This yields for the
occupied states 1 and 2

zEK 4 zE + nKzK 4 zE + 1 (16a)

and for the states 5 and 6

zECa 4 zE + nCazCa 4 zE + 2. (16b)

Apart from the simplification of the model of Klieber and Grad-
mann (1993), namely the assumption of fast binding equilibria, the
following extension has been used here. The selectivity filter is as-
sumed not to sense the entire transmembrane voltageV but only a
certain fraction,Ds, thereof, whereas the remaining portion drops
within the pore between the selectivity filter and the cytoplasmic bulk
(Dc) and the luminal bulk (Dl) respectively (Dc + Ds + Dl 4 1). This
means, that the effective substrate activities [Si]eff at the binding sites of
the selectivity filter are not the same as [Si]b in the free bulk solution
but

[Si]c,eff 4 [Si]c,b exp (zsDcu) (17a)

[Si] l,eff 4 [Si] l,b exp (−zsDlu) (17b)

according to the ion well concept of Mitchell (1966).
The rates of net translocation for K+ and Ca2+ through the open

channel are

JK 4 p1k12 − p2k21, (18a)

JCa 4 p5k56 − p6k65, (18b)

and the net current

I 4 e [zEK (p1k12 −p2k21) + zE(p3k34 −p4k43) + zECa (p5k56 − p6k65)]
(19)

The entire model has ten free parameters: two of the threeDs, the two
rate constantsk34, andk43, plus three parameters (e.g., two rate con-
stants for reorientation and one equilibrium constant, whereas the sec-
ond equilibrium constant is determined by microscopic reversibility)
for each of the two translocation loops.

A systematic discussion of the two models with respect to the
effects of the individual parameters on the shape of theIV-curves, will
be the subject of a separate, theoretical study.

Numerical Methods

For fitting n free model parameters to the data, a cyclic procedure was
used in which each parameter was changed by multiplication and by
division with an increment factorf (start usually4 1.01). The alter-
native which yielded the smallerSDwas accepted and the next param-
eter was changed. When repetitions of these cycles did not yield better
fits anymore, the increment was reduced tof 1/2 until f fell below the stop
criterion (usually f 4 1.001). This time consuming procedure has
turned out to provide better multi-parameter fits than the faster Simplex
algorithm from Press et al. (1987). The squareroot,SD, of the mean
squares of the deviations between experimental data and fitted values,
has been used as a measure for the fit quality. If not stated otherwise,
the model was fitted to the entire bulk of data, i.e., to all fourIV-curves
from different [Ca2+] l conditions.

Results and Discussion

The data from the four experimentalIV-curves have been
analyzed with the two one-binding-site models illus-
trated in Fig. 1. Fits with the rigid-pore-model con-
verged readily to equivalent solutions from a wide vari-
ety of start parameters. The result is illustrated in col-
umn A of Fig. 2. The numerical results are listed in
Table 1. Before these results are evaluated (s.b.), the fits
with the dynamic-pore model are presented for compari-
son.

These fits with the dynamic-pore model were rather
sensitive to the start parameters and converged fre-
quently to unsatisfying solutions. On the other hand, af-
ter an ad hoc strategy, the fits with the dynamic-pore
model were better than those with the rigid-pore model.
Essential steps of the employed strategy are documented
in Table 2. During the first, crude attempts, the solutions
seemed to be insensitive to whether some Ca2+ is al-
lowed to pass or not (1@ k0

56, k0
65 ù 0) and to whether

there is a voltage drop across the selectivity filter or not
(1 @ Ds ù 0, compare lines 21 with 22, and 31 with 32 in
Table 2). In cases ofDs 4 0 (no voltage across the
selectivity filter), the configuration of thezs in the central
six-state reaction scheme did not matter, of course. In
this situation, the distancesDc andDl were fixed to 50%,
and k0

56, k0
65, to very small amounts (10−8 pAe−1). So

only six free parameters had to be investigated. After a
few trials (seelines 1 to 7 in Table 2), the parameters
listed in line 60, turned out to serve as good start param-
eters for visually satisfying fits (SD < 280 fA). With
these start parameters, full ten-parameter fits to indi-
vidual IV-curves resulted in considerably better fits (SDs:
165, 105, 223, and 225 fA for theIV-curves 1 to 4 re-
spectively), and simultaneous fits to all four sets showed
now further improvements with 1@ k0

56, k0
65 > 0.01 (lines

8 in Table 2) and withDs > 0 (about 10%,seelines 10 to
12 in Table 2). Consequently, the configuration of thezs
(related onzE of the empty binding site) had now an
impact on the quality of the fits. VaryingzE in integer
steps resulted in best fits with the assumption of an elec-
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trically neutral binding site (zE 4 0, seelines 8 in Table
2). For determination of the impact of voltage profile on
the fits, an eccentric position of the selectivity filter has
been assumed for the start conditions. With either asym-
metry in the start configuration, the fit tended toward
symmetry (seelines 101 and 102 in Table 2). Now, with
the assumption of a central position of the selectivity
filter in the channel, the electrical width has been focused
(lines 104 to 106 in Table 2). The best fits were obtained
with a starting width of 40% (100 −Dc − Dl), which
converged towards 9% (line 105 in Table 2). With this
result, the role of the charge states has been re-examined
(compare lines 105 and 11i Table 2) with the result that
zE 4 0 yielded the best fits. There is, however, no ne-
cessity to assume an integer charge of the binding site,
because the essential groups can be expected to bear
partial charges.

The best fits with the dynamic pore model yielded
the parameters shown in Table 3 (line 105 in Table 2,SD
4 263 fA). These fits are illustrated by columnB in Fig.
2. The figures in Table 2 are not important in each detail
of the eventually discarded fits; they do, however, indi-
cate the ranges in which the individual parameters vary
from approach to approach.

As for the rigid-pore model, the best fit to the en-
semble of all four data sets (illustrated in columnA of
Fig. 2) was worse (SD 4 301 fA) than the best fit with
the dynamic pore model (Table 3). Furthermore, fits of
the rigid-pore model to individual curves (not shown)

turned out to be worse (SDs: 197, 146, 356, 297 fA for
theIV-curves Nr. 1 to 4 respectively) than those with the
dynamic-pore model (see above). Figure 2 illustrates,
that the rigid-pore model with its nonsaturation feature
has intrinsic difficulties to describe the observed current
saturation at large (here negative) voltage displacements.
Systematic deviations between measured and fittedIV-
curves can be seen in Fig. 2A. In contrast, the dynamic-
pore model fits well, i.e., without visible systematic de-
viations.

It should be mentioned, however, that the currents of
the dynamic-pore model with the parameters listed do
actually not saturate at large voltages but pass an extre-
mum before they fall again (due to high affinity and low
translocation of Ca2+) — and rise again in a superlinear
fashion whenk56, k65 @ k12, k21 duezECa > zEK. These
features are not illustrated. The underlying cooperative
inhibition of K+ currents by a competing ion andV, has
already been described in terms of the dynamic-pore
model for the predominant K+ channel in the tonoplast of
Chara. The effect of Na+ has first been analysed by
Bertl (1989), the effect of Cs+ in more dynamic detail by
Klieber and Gradmann (1993) and by Draber and Hansen
(1994). Actually, the effect of Ca2+ on K+ currents has
already been analyzed by Klieber and Gradmann (1993).
In this previous study, however, Ca2+ passage through
the channel was not permitted and the full membrane
voltage was used for the voltage-sensitivity of the reori-
entation of the empty and K+-occupied binding site,

Fig. 1. Models and symbols of selectivity filter
with one binding site; (A) rigid pore model, (B)
dynamic pore model.
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which was justified by the strong curvatures of theIV-
curves.

The main aim of this study, however, is presentation
of the model in which a dynamic selectivity filter some-
where within the channel senses only a fraction of the

membrane voltage. The present nonlinearities of theIV-
curves of the cation channel in theBeta tonoplasts are
not as strong as of those inChara. This is reflected by
the resulting, small electrical distance for the voltage
drop across the selectivity filter (Table 2, lines 10i and

Fig. 2. Experimental data and fitted curves. Experimental conditions: [K+]c 4 [K+] l 4 38 mM, [Ca2+]c < 0.1mM, four different [Ca2+] l as marked
in second column; same data in columnsA andB; columnA: fitted by rigid pore model with parameters listed in Table 2; note tendency of fitted
curves to leave saturation at large negativeV; columnB: fitted by dynamic filter within conducting pore (S. Fig. 1) with parameters listed in Table
3; column (C) Ca2+ currents resulting from fits by dynamic selectivity model (columnB); note: expanded current scale.
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11i). And even this fraction may be questioned to be
significant on statistical grounds.

The physical meaning of numerical results in Table
3 can be summarized as follows: The electrical distance
of the selectivity filter is only about 10% of the entire
membrane. It is located near the electrical center, about
5% more towards the cytoplasmic side. This electrical
location can be consistent with a completely different
physical location, such as in the shaker channel where
the physical locus of the channel constriction is close to
the luminal side but the pore is much wider on the cy-
toplasmic side (Antz et al., 1997).

For K+ translocation, the limiting step in both direc-
tions is reorientation of the empty and electroneutral
binding site (k43, k34 ! k12, k21). In the absence of driv-
ing forces the empty binding site has a slight preference
to face the luminal side compared to the cytoplasmic side
(k0

34:k
0
43 ≈ 6:5). In the absence of Ca2+, the binding site is

mostly empty and seldom occupied by K+ (K0
1, K0

2 ! 1).
However, once K+ is bound, it is translocated very
quickly (k0

12, k0
21 some 104 pAe−1). As for Ca2+ these

features are just the opposite: high affinity and low trans-
location rates (K0

5, K0
6 @ 1 mM, andk0

56, k0
65 around 0.1

pAe−1).
For the experimental conditions used, the small Ca2+

currents, as they result from our analysis, are illustrated
by the third column of Fig. 2. It should be noticed, that
the analyzed Ca2+ currents do not reverse their sign at the
diffusion equilibriumECa. This effect is due to partial
coupling ofICa to IK (in opposite directions) by the com-
mon transport site.

The experiments analyzed here have been carried
out under conditions of about constant [Ca2+]c < 0.1mM.
The predictive nature of the model permits calculation of
Ca2+ entry through this open channel also under more
physiological conditions. It is of particular physiological
interest, how changes in [Ca2+]c will affect Ca2+ entry
through this open channel. The results of such calcula-
tions are shown in Fig. 3, and predict a unitary open
channel current of about 100 fA at 1 mM luminal Ca2+.
In the range of physiological [Ca2+]c between 0.1 and 1
mM, the calculated Ca2+ influx is virtually insensitive to
[Ca2+]c, and the assumed voltage between 0 and −60 mV
across the tonoplast has also no dramatic effect on the
unitary Ca2+ current through this open channel.

Although these Ca2+ currents are smaller than
pseudo-permeability ratios would suggest, an individual
channel would still cause an enormous load for [Ca2+]c <
1 mM. It must be kept in mind, however, that the analysis
carried out here refers to the open channel, and that a role

Table 1. Best fit by rigid-pore model

A: Model parameters; units of rate constants (pAe−1), chosen for convenient refrence to measured currents (in pA)

Param. Amount Unit Physical meaning
electrical distances from cytoplasm

Fit Fit
start end

hc 10 32 % Position of barrier on ctyoplasmic side
w 50 72 % Position of well
hl 90 79 % Position of barrier on luminal side

Fundamental rate constants

b0
cK

0.1 0.30 pAe−1 mM−1 Cytoplasmic K+ binding
d0

cK 0.1 46.3 pAe−1 Cytoplasmic K+ debinding
b0

l K 0.1 0.28 pAe−1 mM−1 Luminal K+ binding
dl0

K 0.1 42.9 pAe−1 Luminal K+ debinding
b0

cCa 0.1 0.28 pAe−1 mM−1 Cytoplasmic Ca2+ binding
d0

cCa 0.1 0.07 pAe−1 Cytoplasmic Ca2+ debinding
b0

l Ca 0.1 17.2 pAe−1 mM−1 Luminal Ca2+ binding
d0

l Ca 0.1 4.2 pAe−1 Luminal Ca2+ debinding

SD 6 659 309 fA mean deviation of experimental data from fit

B: predicted Ca2+ currents at zero voltage

[Ca2+]l/mM ICa/fA
12.5 −5.2
42 −16.2

125 −39
414 −79
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of this channel in [Ca2+]c relations should be discussed
more on the level of gating and channel density. Respec-
tive investigations predict a high local Ca2+ current when
the channel is active (Johannes & Sanders, 1995a,b).
However, it should be kept in mind that channel gating is
difficult to measure under physiological conditions and

that regulatory factors might be missing under the con-
ditions used in the experiments. To ultimately assess the
amount of Ca2+ which passes through the active channel,
Ca2+ fluxes across the tonoplast need to be measured
directly and correlated with the activity of the channel
under investigation. This approach has been success-

Table 2. Protocol of strategy to fit reaction scheme of rigid pore model in Fig. 1B with listed free parameters; bold: focused issues;k/pA e−1, D/%,
K/mM−1

Nr zE k0
34 k0

43 k0
12 k0

21 K0
1 k0

56 k0
65 K0

5 Dc D1 SD/fA comment

First trials with few parameters:
Search for good start parameters and impact of voltage profile

10 −2 100 100 100 100 1 10−8 10−8 10 50 50 (start)
1e −2 36.4 75.9 91.4 605 .147 – – 22.1 50 50 302 D fixed

20 −2 10 10 10 000 10 000 .1 – – 10 50 50 (start)
21 −2 28.9 36.3 7 428 12 462 .077 – – 20.9 50 50272 D fixed
22 −2 14.9 20.3 3 852 26 614 .036 – – 10.6 43 45 279 D fitted

30 −2 10 10 1 000 1 000 .1 – – 10 50 50 (start)
31 −2 30.4 38.3 867 1 348 .080 – – 21.5 50 50 274 D fixed
32 −2 15.3 23.0 487 2 476 .037 – – 10.5 44 44 284 D fitted

40 −2 30 40 1 000 1 000 .08 – – 20 50 50 (start)
41 −2 31.6 37.3 920 1 119 .075 – – 22.0 50 50 273

50 −2 29 36 1 000 1 000 .06 – – 20 50 50 (start)
51 −2 29.5 36.7 1 028 936 .060 – – 20.6 50 50 276

60 −2 29 36 10 000 10 000 .06 – – 20 50 50 (start)
61 −2 28.7 35.7 10 087 9 889 .057 – – 21 50 50 272 D fixed
62 −2 29.7 35.3 10 226 9 586 .061 – – 21.1 50 50270 D fitted

70 −2 29 36 100 000 100 000 .06 – – 20 50 50 (start)
71 −2 28.5 35.6 100 244 99 952 .060 – – 20.7 50 50 272 D fixed
72 −2 29.0 36.0 100 874 100 374 .061 – – 20.4 50 50 271 D fitted

Supplement more parameters
Allow Ca2+ passage k0

56, k0
65 (start)

81 −2 37.4 33.2 12 665 8 896 .068 .93 .54 15.9 47 53 278 1.0
82 −2 29.4 35.3 10 175 9 985 .060 .102 .097 20.7 50 50268 0.1
84 −2 28.6 33.7 10 000 9 802 .059 .010 .010 21.0 49 50 270 0.01

Examine charge states
91 −1 29.8 35.1 10 275 9 730 .061 .105 .102 21.0 50 50 267
92 0 29.8 35.1 10 176 9 730 .061 .105 .100 21.0 50 50267

Re-examine voltage profile Dc Dl (start)
101 0 39.3 31.6 17 847 5 531 .040 .118 .094 23.1 30 50 264 10 90
102 0 31.2 35.8 12 278 9 292 .058 .094 .079 18.8 49 51 266 90 10
104 0 39.3 35.8 24 702 7 778 .044 .099 .058 16.8 37 50 272 10 10
103 0 40.1 33.4 17 414 7 291 .055 .101 .076 21.4 37 51 265 20 20
105 0 35.4 31.9 13 411 8 154 .058 .102 .082 20.1 40 51263 30 30
106 0 31.9 32.2 11 087 8 710 .058 .109 .098 21.3 45 50 266 40 40

Re-examine charge states
111 −2 20.0 51.6 9 479 8 349 .038 .086 .096 16.6 17 20 285 other: s. 105

112 −1 26.4 23.4 7 147 10 668 .060 .097 .106 20.4 39 48 268 other: s. 105

114 +1 34.8 38.7 10 923 9 432 .073 .107 .089 21.5 48 51 269 other: s. 105
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fully applied to animal systems (e.g., Schneggenburger et
al., 1993) but corresponding measurements for plant
cells are still missing.

Conclusions

A dynamic selectivity filter with one binding site and a
short electrical distance within the pore provides a good
description of the effect of luminal Ca2+ on the K+ cur-
rents through the Ca2+ permeable cation channel in the
tonoplast ofBeta vulgaris,and gives better fits than a
rigid pore-model with an equivalent number of free pa-
rameters.
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